Introduction
[2] One of the key variables required in estimating primary production and in global climate studies is leaf area index (LAI), the ratio of one-sided green leaf area to ground area. Remote estimations of LAI at regional and global scales might be performed mainly using transforms of spectral reflectance, called vegetation indices [e.g., Rouse et al., 1974] . A physically based algorithm for estimation of LAI from Normalized Difference Vegetation Index (NDVI) observations was developed [e.g., Myneni et al., 1997] . As the authors noted, ''the algorithm must be viewed within a framework dominated largely by practical consideration and to a lesser extent by accuracy''. The relationship between NDVI and LAI is essentially non-linear and exhibits significant variation among various cover types. When LAI exceeds 2, NDVI is generally insensitive to LAI, not only in forest canopies with a dense understory, but also in grasses, cereal crops, and broadleaf crops [see Figure 5 in Myneni et al., 1997] . The linkage between surface reflectance and LAI is not straightforward and at the present time it appears that no satisfactory algorithm exists for remote retrieval of moderate-to-high LAI > 2.
[3] In this paper we present a new approach to accurately estimate LAI and green leaf biomass using reflectance in the green and red edge regions of the electromagnetic spectrum. We demonstrate the advantage of this approach over the traditional NDVI for maize canopies.
Methods
[4] A pilot study was conducted in 2001 to examine the relationship between remotely measured reflectance and LAI for a maize canopy. The project was carried out in two large irrigated production fields (each 65 ha). Within each of the two study sites, six small (20 m Â 20 m) plot areas were established. These intensive measurement zones (IMZ) represented all major occurrences of soil and crop production zones within each site.
[5] Spectral measurements were made using two hyperspectral radiometers mounted on ''Goliath'', an all-terrain sensor platform [Rundquist et al., 2001] . Six plots were established per field for these measurements, each with six randomly selected sampling points. A dual-fiber system, with two inter-calibrated Ocean Optics USB2000 radiometers, was used to collect data in the range 400-900 nm with a spectral resolution of about 1.5 nm. Radiometer #1, equipped with a 25°field-of-view optical fiber was pointed downward to measure the upwelling radiance of maize (L l maize ). The position of the radiometer above the canopy was kept constant throughout the growing season (i.e. around 5.4 m), yielding a sampling area with a diameter of around 2.4 m. Radiometer #2, equipped with an optical fiber and cosine diffuser (yielding a hemispherical field of view), was pointed upward to simultaneously measure incident irradiance (E l inc ). To match their transfer functions, inter-calibration of the radiometers was accomplished by measuring the upwelling radiance (L l cal ) of a white Spectralon reflectance standard (Labsphere, Inc., North Sutton, NH) simultaneously with incident irradiance (E l cal ). To mitigate the impact of solar elevation on radiometer intercalibration, the anisotropic reflectance from the calibration target was corrected in accord with Jackson et al. [1992] . Percent reflectance (r l ) was computed as:
Here r l cal is the reflectance of the Spectralon panel linearly interpolated to match the band centers of each radiometer.
[6] One critical issue with regard to the dual-fiber approach is that the transfer functions of both radiometers must be identical. We tested our Ocean Optics instruments under laboratory conditions; over a four-hour period the standard deviations of the ratio of the two transfer functions did not exceed 0.004.
[7] Data were collected with the sensors configured to take 15 simultaneous upwelling radiance and downwelling irradiance measurements, which were internally averaged and stored as a single data file. Radiometric data were collected close to solar noon (between 11am and 1pm), when diurnal changes in solar zenith angle are minimal. Measurements took about 3 -4 minutes per plot and about 20 minutes per field. The two radiometers were intercalibrated immediately before and immediately after measurement in each field. Eighteen campaigns were carried out from the beginning of June to the beginning of October 2001.
[8] NDVI was calculated as (r NIR À r red )/(r NIR + r red ) where r NIR = r 840 -880 , r red = r 630 -690 are reflectance values in spectral channels of the Moderate Resolution Imaging Spectroradiometer (MODIS; onboard NASA's Terra satellite). Visible Atmospherically Resistant Indices [Gitelson et al., 2002a] were calculated as VARI Green = (r green À r red )/ (r green + r red À r blue ) and VARI RedEdge = (r RedEdge À 1.7 * r red À 0.7 * r blue )/(r RedEdge + 2.3 * r red À 1.3 * r blue ). VARI and indices proposed in this work were calculated in spectral channels of MODIS r blue = r 460 -480 , r green = r 545 -565 , r red = r 660 -680 , and of the Medium Resolution Imaging Spectrometer (MERIS; onboard the polar orbiting Envisat Earth Observation Satellite): r RedEdge = r 700 -710 .
[9] Plant populations were determined (by counting plants) for each IMZ. On each sampling date, plants from a 1m length of either of two rows were collected and total number of plants recorded. Collection rows were alternated on successive dates to minimize edge effects on subsequent plant growth. Plants were transported on ice to the laboratory. In the lab, plants were dissected into green leaves, dead leaves, stems, and reproductive organs. The green leaves were run through an area meter (Model LI-3100, Li-Cor, Inc., Lincoln NE) and the leaf area per plant was determined. For each IMZ, the green leaf area per plant was multiplied by the plant population (# plants m À2 ) to obtain a LAI. LAI at the six IMZs were averaged to obtain a sitelevel value. All plant parts were dried to constant weight in a 70°C dryer. Site-level green leaf biomass was then calculated in a manner analogous to LAI.
[10] LAI ranged from 0 to more than 6. Standard deviations of the destructive measurements of LAI ranged from 0.05 at the beginning of the growing season, at day of the year (DOY) 163, to 0.48 before the peak of maximum LAI (DOY 180).
[11] Field heterogeneity was tested using two HYPERION (Hyperspectral Imager onboard Earth Observing-1 satellite) images acquired on August 13 and 29, 2001 with a spatial resolution of 30 m/pixel. The average digital numbers of the areas where destructive sampling of LAI was carried out (IMZs) were compared against the average digital numbers within the areas where reflectance was measured from the ''Goliath'' platform, and no statistically significant differences were obtained (Table 1) . Thus, test sites, where reflectance measurements were conducted, were representative of those where destructive sampling of LAI occurred.
Results and Discussion
[12] NDVI was sensitive to LAI in the beginning of the growing season (LAI changed from 0 to 1.2; Figure 1A ). NDVI reached maximal values around 0.9 at DOY 190 and then remained virtually invariant between DOY 210 and 233. The relationship between NDVI and LAI was essentially non-linear (Figure 1-insert) . Other indices used for estimation of vegetation status (e.g., SAVI, PVI, ARVI, GARI) also showed low sensitivity to LAI exceeding 1.5 (data not shown).
[13] Temporal behavior of both VARI Green and VARI RedEdge were quite different from that of NDVI (Figure 1) . VARI followed LAI throughout the whole range of LAI variation. It had a pronounced peak at DOY 190 when greenness of maize was maximal, and then decreased significantly reaching a plateau at DOY 210. When tassels (i.e. flowering) appeared, reflectance of the canopy in visible spectrum increased; the increase was especially pronounced in the red and the red edge ranges. Increase in red reflectance was about 50% higher than in the green and about 10% higher than in the red edge (data not shown). Thus, appearance of tassels led to decrease in both VARI Green and VARI RedEdge .
[14] The relationship between VARI and LAI had two distinct stages ( Figure 2 ): (i) an increase in VARI was associated with an increase in LAI between 0 and 6 until Figure 1 . Temporal behavior of maize LAI. VARI and NDVI at two sites. In insert: NDVI plotted versus LAI. VARI was adjusted to match NDVI scale.
tasseling occurred (DOY 163 to 198) ; and (ii) a decrease in VARI when tassels appeared, while LAI remained virtually invariant (DOY 198 to 214) . In the first stage the relationship was logarithmic (a coefficient of determination r 2 = 0.97) with significant sensitivity of the index to LAI ranged from 0 to 6. The decrease in VARI as a result of tassels appearing makes the relationship weaker, nevertheless, VARI accounted for 85% of LAI variation.
[15] The derivative of vegetation reflectance, r, with respect to wavelength (dr/dl) is common to all vegetation indices and is indicative of the abundance and activity of absorbers in leaves. For optically dense canopy, dr/dl = F(a l , c, LAI, R), where a l is absorber-specific absorption coefficient, c is absorber concentration per unit leaf area, and R is a response function that describes the effect of canopy architecture [Myneni et al., 1995] . Thus, vegetation indices are the convolution of pigment concentration in the leaves (a l c), LAI, and response function R. This was the theoretical background sought for satellite remote sensing of vegetation biochemical constituents, including LAI.
[16] In the red spectral range used for calculating vegetation indices such as NDVI, SAVI, ARVI and Simple Ratio, (r NIR /r red ), among others, the specific absorption coefficient of chlorophylls (a red ) is high [e.g. Lichtenthaler, 1987] and the depth of light penetration into the leaf is low [e.g. Kumar and Silva, 1973] . As a result, even low amounts of pigments or small LAI are sufficient to saturate absorption [Kanemasu, 1974; Buschmann and Nagel, 1993; Gitelson et al., 2002a Gitelson et al., , 2002b . This explains the essentially nonlinear behavior of NDVI as a function of LAI (insert in Figure 1 ), since the index becomes non-sensitive at LAI values higher than 2.
[17] Specific absorption coefficients of chlorophylls in the green and red edge spectral regions are much smaller than in the red region (a green and a RedEdge are around 2 -5% of a red [Lichtenthaler, 1987] ). Thus, in these spectral ranges absorption does not saturate at moderate to high chlorophyll contents [e.g. Thomas and Gaussman, 1977; Buschmann and Nagel, 1993; Gitelson and Merzlyak, 1994; Gitelson et al., 1996; Yoder and Waring, 1994] . On the other hand, in these spectral regions light penetrates into the leaf deeper than in the red, therefore, absorption of light is sufficient to provide high sensitivity of reflectance to chlorophyll content. This was the background sought for chlorophyll estimation at leaf level. The index [(r NIR /r l ) À 1] in spectral ranges (l) in the green and the red edge was found to be linearly proportional to leaf chlorophyll content [Gitelson and Merzlyak, 1994; Gitelson et al., 2003] .
[18] Thus, we hypothesized that at community level the indices [(r NIR /r Green ) À 1] and [(r NIR /r RedEdge ) À 1] relate to total pigment concentration in the canopy (c * LAI). This assumption was valid for maize with LAI ranging from 0 to 6 ( Figure 3) . Before tassels appeared, close linear relation- ships (r 2 > 0.95) between LAI and both indices were established ( Figure 4A ; r 2 = 0.96 tan [(r NIR /r RedEdge ) À 1]). When tassels appeared, LAI remained almost the same, while the indices decreased following a significant increase in reflectance, particularly in the red and red edge regions. Nevertheless, for the entire growing season, the indices described more than 95% of LAI variability ( Figure 4B ). Newly proposed indices were also closely related to green leaf biomass ( Figure 5 ).
[19] As it was mentioned, the indices [(r NIR /r Green ) À 1] and [(r NIR /r RedEdge ) À 1] depend not only on LAI but also on chlorophyll concentration per unit leaf area. From DOY 164 to 220, the coefficient of variation of chlorophyll content, measured in upper canopy green leaves, was less than 11%, while coefficients of variation of both LAI and green leaf biomass were 46% and 49%, respectively. Thus, the observed variation of the indices was governed mainly by LAI.
[20] The approach was validated by comparing the predicted against the measured LAI. Linear models [(r NIR / r Green ) À 1] and [(r NIR /r RedEdge ) À 1] vs. LAI developed from measurements at site 1 were compared against LAI measurements at site 2. The Root Mean Square Error of LAI prediction was less than 0.61.
Conclusions
[21] Close relationships were found between newly proposed indices, [(r NIR /r Green ) À 1] and [(r NIR /r RedEdge ) À 1], and LAI (ranging from 0 to more than 6), as well as green leaf biomass (0 to 3500 kg/ha). These indices and recently proposed VARI, were indicative of both the phenological stages of vegetation during the growing season and of flowering (the appearance of tassels). More work is needed to study the sensitivity of the indices to LAI in other vegetation types as well as the spectral properties of the tassels and their influence on total canopy reflectance.
